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1Université Paris-Sud, Centre de Neurosciences Paris-Sud, Unité Mixte de Recherche 8195, F-91405 Orsay, France, 2Centre National de la Recherche
Scientifique, F-91405 Orsay, France, 3Department of Medical Genetics, University of Tübingen, D-72076 Tübingen, Germany, 4Experimental Therapy, Franz
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Cognitive decline precedes motor symptoms in Huntington disease (HD). A transgenic rat model for HD carrying only 51 CAG repeats
recapitulates the late-onset HD phenotype. Here, we assessed prefrontostriatal function in this model through both behavioral and
electrophysiological assays. Behavioral examination consisted in a temporal bisection task within a supra-second range (2 vs.8 s), which
is thought to involve prefrontostriatal networks. In two independent experiments, the behavioral analysis revealed poorer temporal
sensitivity as early as 4 months of age, well before detection of overt motor deficits. At a later symptomatic age, animals were impaired in
their temporal discriminative behavior. In vivo recording of field potentials in the dorsomedial striatum evoked by stimulation of the
prelimbic cortex were studied in 4- to 5-month-old rats. Input/output curves, paired-pulse function, and plasticity induced by theta-burst
stimulation (TBS) were assessed. Results showed an altered plasticity, with higher paired-pulse facilitation, enhanced short-term depres-
sion, as well as stronger long-term potentiation after TBS in homozygous transgenic rats. Results from the heterozygous animals mostly
fell between wild-type and homozygous transgenic rats. Our results suggest that normal plasticity in prefrontostriatal circuits may be
necessary for reliable and precise timing behavior. Furthermore, the present study provides the first behavioral and electrophysiological
evidence of a presymptomatic alteration of prefrontostriatal processing in an animal model for Huntington disease and suggests that
supra-second timing may be the earliest cognitive dysfunction in HD.

Introduction
Huntington disease (HD) is a neurodegenerative disease at-
tributable to the expansion of a CAG repeat within the first
exon of the huntingtin gene. Classical symptoms have been
described as a triad of motor, cognitive, and emotional disor-
ders (Wilson et al., 1987). Interestingly, presymptomatic car-
riers have been reported to exhibit subtle cognitive alterations
that appear mainly executive in nature (e.g., attentional set

shifting and decision-making deficiencies) (Foroud et al.,
1995; Lawrence et al., 1996, 1998).

Progressive neurodegeneration of the GABAergic medium-
spiny neurons of the striatum is a hallmark of the disease (Von-
sattel et al., 1985). The striatum receives glutamatergic cortical
inputs from the entire cerebral cortex in a topographic manner
(Gerfen, 1984). Most neurophysiological studies of HD models
have been performed in vitro, precluding the characterization of
specific cortical afferents dysfunction. The few studies performed
in vivo reported reduced plasticity in the motor cortex of symp-
tomatic patients (Crupi et al., 2008) and dysregulated firing pat-
terns of striatal cells in symptomatic rodents (Miller et al., 2008,
2010). Such impaired firing pattern was also detected in the pre-
frontal cortex of symptomatic R6/2 mice (Walker et al., 2008).
Although it has been suggested that HD may be described as a
frontostriatal dementia (Lawrence et al., 1996), whether early
impairment in executive functions is linked to a deficiency in
frontostriatal connectivity has not yet been addressed.

Prefrontostriatal circuits are thought to play a critical role in
temporal processing (Buhusi and Meck, 2005). The rare HD
studies examining timing have focused on durations under 1.2 s
(Woodruff-Pak and Papka, 1996; Paulsen et al., 2004; Beste et al.,
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2007; Hinton et al., 2007), a range that involves automatic, more
than cognitive, processing (Rammsayer, 1999; Grondin, 2001).
Notably, disrupted motor timing in presymptomatic patients
correlates with the number of years from estimated onset of overt
symptoms (Hinton et al., 2007). To our knowledge, the only
study evaluating the timing of supra-second durations (20 s) used
a peak-interval task in symptomatic HD mice and showed re-
duced temporal control with flatter peak functions (Balci et al.,
2009). However, this time production procedure has inherent
time-dependent motor components and is sensitive to deficient
inhibitory control of behavior, therefore precluding assessment
unique to temporal capabilities (Matell et al., 2006; Meck, 2006).
Thus, in the present study, we sought to determine whether dis-
ruption of temporal processing in the supra-seconds range is one
of the presymptomatic impeded cognitive functions and whether
it could be associated with early frontostriatal alterations. We
used a transgenic rat model of HD with 51 CAG repeats (tgHD)
(von Hörsten et al., 2003) that closely resembles the human late-
onset HD phenotype. Indeed, the first motor symptoms appear at
�6 months of age and striatal neurodegeneration from 8 months
onward (von Hörsten et al., 2003; Nguyen et al., 2006). Here,
using a 2 versus 8 s bisection task, a time perception procedure in
which correct signal classification is not necessarily dependent on
the timing of a choice response (Cheng et al., 2006, 2007), we
show that tgHD rats have poorer temporal sensitivity as early as 4
months of age. In vivo recordings of field potentials (FPs) evoked
in the dorsomedial striatum (DMS) by stimulation of the pre-
frontal cortex suggest that this disruption in executive function
reflects modified plasticity of prefrontostriatal afferents.

Materials and Methods
Here we report four independent series of experiments. The first study
consisted of assessing temporal discrimination in homozygous trans-
genic animals and their wild-type (wt) controls as a function of age (from
3 to 12 months of age) in a longitudinal design. Because the temporal task
used a tone as the discriminative timing cue, the second study controlled
for intact auditory processing in homozygous transgenic animals and
wild-type controls during the first year of lifespan. The third study aimed
at replicating the presymptomatic timing deficits and assessing the de-
pendence on genotype by testing heterozygous transgenic animals in
addition to homozygous and wild-type rats. The fourth study assessed
presymptomatic function through in vivo electrophysiological record-
ings of prefrontostriatal field potentials.

Temporal discrimination as a function of age
Animals
This first series of experiments was performed on 21 male, 9 wt (�/�),
and 12 tgHD (�/�) rats that were imported in our colony at 3 months of
age and housed in pairs of same genotype in a temperature- and
humidity-controlled colony room (23°C, 41% humidity). The transgenic
HD rat carries a truncated huntingtin cDNA fragment with 51 CAG
repeats under the control of the rat huntingtin promoter (von Hörsten et
al., 2003). The genetic background of the transgenic HD rat is derived
from the Sprague Dawley strain (outbred). A 12 h light/dark cycle was
maintained during the experiment (light on at 8:00 A.M.). On arrival in
the laboratory, rats were given access to food and water ad libitum for 2
weeks and handled on a daily basis. Food was then progressively reduced
until rats reached 80% of their initial weight. Throughout the experi-
ment, rats were fed a daily ration just after the behavioral task, for them to
be maintained at 85% of their normal free-feeding weight. All experi-
ments were performed in accordance with the recommendations of the
European Economic Community (86/609/EEC) and the French National
Committee (87/848) for care and use of laboratory animals.

Apparatus
Soundproofed chambers (Coulbourn Instruments/Harvard Apparatus)
were used for the temporal training task. Lever boxes (50.8 cm long �

63.5 cm wide � 66 cm high) were constructed with heavy-duty alumi-
num (floor and roof), and the walls were made of plastic and transparent
Plexiglas. A pellet dispenser delivered food pellets (45 mg grain-based
precision pellets) to a food cup located on the left wall of the box. Two 4
cm retractable response levers (H23-17RA; Coulbourn Instruments/
Harvard Apparatus) were situated at each side of the food cup and hor-
izontally placed 2.5 cm above the grid floor. The chamber floor was
composed of 15 stainless steel rods spaced 1.7 cm apart. A speaker was
located on the side of the box and permitted delivery of an auditory
stimulus (1 kHz, 80 dB). Each lever box was housed in a ventilated
chamber, with a 65 dB background noise. At the beginning of each ses-
sion, a red light was turned on. Chambers were controlled by means of a
computer that recorded behavioral responses with the Graphic State
software (Coulbourn Instruments/Harvard Apparatus) and a temporal
precision of 20 ms.

Behavioral procedures
The longitudinal study was conducted from 3 to 12 months. It was com-
posed of a temporal discrimination training phase, followed by bisection
tests repeated each month. At 9 months, rats were submitted to a modi-
fied staircase task, followed by a reversal task between 10 and 11 months,
and the experiment ended with bisection tests at 12 months of age.

Animals were run at the same time each day in six cohorts with
approximately the same number of transgenic and wt rats. Each rat
was assigned to a given lever box from the beginning to the end of the
experiment.

Pretraining. The pretraining phase started at 3 months of age with a
magazine training session in which 30 pellets were delivered with a mean
intertrial interval (ITI) of 60 s (variable intervals ranging between 20 and
100 s). On the second day, rats had one session of continuous reinforce-
ment with the left lever, and next day one session with the right lever. The
session ended when rats obtained 50 reinforcers. If this criterion was not
met within 30 min, an extra session was run at the end of the day.

Temporal discrimination training. The 2 versus 8 s temporal discrimi-
nation training was implemented as described previously (Callu et al.,
2009). It consisted of 3 d of 100% forced-choice trials, 3 d of 50% free-
choice trials, followed by 11 d of 100% free-choice trials. The forced-
choice trials consisted of the presentation of only the correct lever (left or
right) associated with the corresponding tone duration (2 or 8 s), whereas
both levers were presented on free-choice trials. The tone stimulus was
presented for each duration with equal probability in random order in
two blocks of 40 trials, for a total of 80 trials. A constraint on the random
order was that no more than three trials of a given duration could occur
successively. On each session, the same random order was used for all the
animals. For half of the animals in each group (transgenic and wild type),
a response on the left lever was reinforced after the short duration, and a
response on the right lever was reinforced after the long duration; for the
remaining rats, the relation of tone duration and reinforced response
location was reversed. The ITI ranged from 20 to 40 s, with a mean of 30 s.
The lever was retracted immediately after a response. In the absence of a
response, the lever was retracted 10 s after tone–stimulus termination for
the first 2 d of 100% forced-choice training and 5 s thereafter.

Bisection 1 tests. After discrimination training, a psychophysical choice
procedure was conducted with five intermediate durations (2.5, 3.2, 4, 5,
and 6.3 s) without reinforcement (12 trials each), in addition to the two
training durations (2 and 8 s, 60 trials of each) with reinforcement. The
order of trials was randomized within two blocks of 90 trials (60 training
trials and six test trials for each of the five durations). The ITI varied
between 20 and 40 s, with a mean of 30 s. The bisection task was con-
ducted 4 –5 d each month, from 4 to 8 months, and was always followed
by 1 d of discrimination training. The longitudinal design was intended
to follow the changes in temporal performance as the disease progresses
in the transgenic animals. However, across sessions, tgHD and wt rats
stopped pressing levers for the intermediate nonreinforced durations of
the bisection task, which precluded the analysis of psychometric func-
tions (our unpublished observations).

Reduction of anchor duration difference. At 9 months, to estimate an
optimal anchor duration difference that would prevent the rats from
failing to respond to intermediate signal duration in later bisection tests,
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we exposed the animals to a progressive reduction of the difference be-
tween the short and long cue durations in approximately equal log steps
across sessions (2.41– 6.65, 2.64 – 6.06, 2.89 –5.53, 3.17–5.04, 3.48 – 4.59,
and 3.82– 4.19 s) in the temporal discrimination task. We conducted 12
sessions, with two daily sessions per step (40 trials of each, short and long,
duration per session). All trials with a correct response were reinforced.

Reversal. At 10 months, we retrained the rats in the temporal discrim-
ination task with 2 and 8 s tone durations (12 sessions, two sessions per
day) and then reversed the duration/lever correspondence. The reversal
training was conducted for 8 d, with two sessions per day. As in the initial
choice procedure task, 40 trials were associated with the short duration
and 40 trials with the long duration.

Bisection 2. At 12 months, rats were retrained in the temporal discrim-
ination task (10 sessions in 5 d) and tested with the bisection procedure
(four sessions) with a smaller range of durations chosen from the data
obtained previously when anchor duration differences were reduced.
The two training durations were 2.64 and 6.06 s, and the five intermedi-
ate durations were 3.03, 3.48, 4, 4.59, and 5.28 s.

Data analysis
Response location and latency were recorded for each trial. Discrim-
ination data were analyzed as percentage of correct responses across
all trials. Bisection test data were calculated as proportion of re-
sponses on the lever assigned as correct for the long-duration stimu-
lus on all trials with response.

The function relating proportion of “long” responses to stimulus du-
ration (bisection function) is typically sigmoidal in shape, an example of
the well-known psychometric function. The stimulus value correspond-
ing to p(long) � 0.5 is termed the point of subjective equality (PSE) and
represents the stimulation duration that has been interpreted as subjec-
tively equidistant from 2 and 8 s training values (bisection point). Previ-
ous research in rats (Church and Deluty, 1977; Maricq et al., 1981;
Maricq and Church, 1983) has found the PSE to be positioned at the
geometric mean of the two extreme durations, for which correct re-
sponses were reinforced (i.e., 4 s, for 2 s and 8 s training values). The slope
of the function in the vicinity of the PSE reflects temporal sensitivity. The
bisection functions were averaged across sessions within each age for
each rat and analyzed with the pseudologistic model fit (Killeen et al.,
1997) using Prism software (GraphPad Software) and assuming negligi-
ble contribution of constant and Poisson sources of variability (Allan,
2002). The proportion of variance accounted for by the fit, the PSE, and
the temporal sensitivity parameter (gamma) were estimated for each rat.
Gamma, which is proportional to the Weber fraction, is inversely related
to temporal sensitivity.

Prepulse inhibition test as a function of age
We tested whether any potential disruption in timing behavior could
possibly be explained by differences in processing auditory stimuli by
using prepulse inhibition (PPI) of the startle reflex (SR). The PPI proce-
dure was aimed at testing the level of reduction of the magnitude of the
acoustic startle by previous presentation of the prepulse stimulus. In the
present experiment, 22 animals (11 �/� and 11 �/�) were tested in
cohorts of four in the startle response system in a longitudinal design
from 1 to 12 months of age.

Apparatus and paradigm
SR was measured with four TSE Startle Response Systems (TSE Systems),
as described previously (Karl et al., 2003; Urbach et al., 2010). Wire-mesh
cages (27 � 9 � 10 cm) were fixed on a piezo-accelerometer that can
determine weight alterations within milliseconds, in a sound-attenuated
chamber equipped with two loudspeakers that delivered a constant white
background noise of 68 dB sound pressure level. Habituation and base-
line determination of activity for a duration of 2 min were followed by 10
startle trials with a defined pulse (20 ms, 120 dB), which were presented
with ITIs of 6 –12 s in random order (baseline determination compo-
nent). For PPI assessment, animals received three different trial types in
a random order: (1) 10 prepulses of 80 dB (duration, 20 ms), followed
after 100 ms by a startle pulse of 120 dB for 20 ms (PPI component); (2)
three prepulses (20 ms, 80 dB) without startle pulse (prepulse-alone

component); (3) 15 pulses of 120 dB (20 ms) alone (SR component). All
trials were programmed with an intertrial interval randomly set at 6 or
12 s. The whole session lasted �14 min.

Data analysis
SR response intensities were averaged and expressed as arbitrary units.
PPI was calculated as a percentage score: (100 � (PPI * 100)/SR).

Temporal sensitivity at presymptomatic age as a function
of genotype
Animals
In this second study, male transgenic homozygous (�/�, n � 8),
heterozygous (�/�, n � 8), and wild-type (�/�, n � 8) rats obtained
from an in-house tgHD colony (initially generated with 10 pairs of
heterozygous rats) and genotyped in Germany as described previously
(Kántor et al., 2006) were used. At the beginning of the study, rats were 4
months old and �400 g in weight. Animal care procedures, food depri-
vation, and experimental procedures were as described above unless
stated otherwise.

Apparatus
Six lever boxes (Coulbourn Instruments/Harvard Apparatus) in sound-
proofed chambers were used. The orientation of the equipment was
completely reversed (e.g., levers on the right wall) for two of the cham-
bers. Animal– box assignment was counterbalanced between groups.

Behavioral procedure
In this study, rats were first submitted to a 2 versus 8 s temporal discrim-
ination task, equivalent to the discrimination protocol described above,
at 4.5 months of age. To determine the anchor duration for a personal-
ized version of the bisection protocol, a staircase procedure was imple-
mented at 5.5 months of age, and testing on the personalized bisection
procedure was conducted at 6.5 months. An emotion study with the
bisection task (not reported here) was subsequently conducted, and fi-
nally, at �7 months of age, rats were challenged with a progressive re-
duction across sessions in the difference between anchor durations in the
bisection task.

Temporal discrimination training. Temporal discrimination training
consisted of 2 d of 100% forced-choice trials, followed by 50% free-
choice sessions until the criterion of 1 d with 80% correct responses in the
free-choice trials was reached for each rat. Next, a 100% free-choice
procedure was run until a criterion of 2 d with 85% correct responses was
attained. Free-choice sessions consisted of 120 trials (60 trials at each
duration).

Staircase procedure. At 5.5 months of age, animals were submitted to a
modified staircase procedure. In that protocol, 15 possible short-long
anchor pairs were available in the same session with progressive reduc-
tion in the difference between short and long cue durations in logarith-
mic steps (starting at 2– 8 s and ending at 3.91– 4.09 s). All correct
responses were reinforced. Sessions comprised 180 trials in blocks of a
maximum 12 trials, with the rule for an increase, decrease, or no change
in step set at 75% correct responses. Each day, each rat started the session
with a discrimination set at a difficulty one step easier than that at the end
of the session on the previous day. On each session, we calculated a mean
stimulus duration difference based on step values from all the trials. The
criterion for staircase stability was that this value did not change between
sessions �5% in three sessions, with one reversal of sign, with the mean
defining the individual difference limen (DL). When criterion was
reached, one additional final session was run. Animals were run for a
maximum of 26 sessions.

Personalized bisection. Analysis of the last 4 d of staircase performance
provided an estimate of DL for each rat, thereby enabling estimation of
the individual values for anchor (short and long) tone durations that
would support a level of 80% correct responses. With this personaliza-
tion procedure, we equalized the difficulty of discrimination across ani-
mals and genotypes. Using these personalized anchor values, the rats
were retrained in the temporal discrimination task for 2–3 d to verify that
their performance met �80% of correct responses. Next, a bisection
procedure was implemented with five intermediate durations (12 trials
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each), in addition to the two anchor durations (short and long, 60 trials
of each), comprising 180 trials in total. The intermediate durations were
calculated to be equally spaced between the personalized anchor dura-
tions along a logarithmic scale. The ITI varied between 10 and 80 s, with
a mean of 30 s.

Anchor difference reduction. Rats were first retested in a single session of
personalized bisection as described above. Then, the difference between
anchor durations was progressively reduced in two-session blocks, cor-
responding to six levels of estimated difficulty, i.e., 75, 70, 65, 60, and
55% of correct responses, with respect to the DL calculated during the
staircase procedure (see above).

Data analysis
Discrimination and bisection data were analyzed as in the previous set of
behavioral experiments (see above).

Neurophysiological assessment of presymptomatic
prefrontostriatal functioning
In vivo electrophysiological characterization of the
prefrontodorsostriatal pathway
The prelimbic area (PL) of the prefrontal cortex is known to project to
the dorsal striatum, in majority to its medial part (Gabbott et al., 2005).
However, this pathway has never been characterized electrophysiologi-
cally in the rat in vivo. Therefore, we first performed an initial electro-
physiological characterization of the field potentials evoked in the DMS
by stimulation of the PL of the prefrontal cortex on normal young adult
male Sprague Dawley rats (300 – 400 g; Charles River).

Surgery. The animals were prepared for the operation under sodium
pentobarbitone anesthesia (0.1 ml/100 g, i.p., supplemented with 0.2 ml
of a dilution of 50% if necessary; Ceva Santé Animale), a dilution of 10%
of Tolfedine (0.1 ml/100 g, s.c.; Vétoquinol), and 0.2 ml of atropine
(intraperitoneally; Aguettant). The body temperature was maintained
during the experiment at 37°C with an electric blanket to avoid hypo-
thermia. Conventional surgical techniques were used, and coordinates
were chosen according to the atlas of Paxinos and Watson (1986).

One recording electrode (nichrome, 65 �m in diameter) attached to a
guide tube and extending from it by �0.5 mm was placed in the dorso-
medial striatum [anteroposterior (AP), 1.2 mm; lateral (L), �2 mm].
One bipolar concentric stimulating electrode (250 �m in diameter) was
positioned in the prelimbic area of the prefrontal cortex (AP, 3.2 mm; L,
�0.3 mm). A cortical silver ball, placed contralaterally on top of the
visual cortex (AP, �7 mm; L, 2 mm), served as ground and reference.
Histological verification of recording and stimulating electrode place-
ments was performed on some rats. At the end of the experiment, rats
were anesthetized with an overdose of sodium pentobarbitone (1 ml) and
perfused transcardially with 4% paraformaldehyde. Coronal sections
were cut at 40 �m on a microtome and mounted onto glass slides. Sec-
tions were then examined using an Olympus BX60 fluorescent-imaging
microscope (Leica).

PL–DMS field potential characteristics. Characteristics of the PL–DMS
field potential are summarized in Figure 1. Maximal amplitude of the
negative field potentials was obtained by stimulation of the dorsal part of
the prelimbic cortex and recording in the dorsomedial part of the stria-
tum (Fig. 1 A, B). Optimal depths were found to be at �2.5 and 3.5 mm
below dura for stimulating and recording electrodes, respectively. The
mean slope value was 0.17 � 0.02 V/s (n � 10), and the mean peak
latency was 13.37 � 0.48 ms.

The field response was composed of both glutamatergic and GABAergic
components (Fig. 1C) with spike discharges at the time of the peak of the
response. Blockade of AMPA receptors with local infusion of DNQX (1 mM,
0.5 �l) indeed produced the progressive disappearance of the negative re-
sponse and spikes and the appearance, at the same latency of a positive
response (Fig. 1C, middle). Furthermore, addition of the GABA receptor
antagonist picrotoxin (1 mM, 0.5 �l) resulted in the disappearance of the
latter positive component (Fig. 1C, right). Thus, the extracellular field po-
tential most likely represents a mixture of depolarization (EPSP) and hyper-
polarization (IPSP), which can be analyzed through the initial slope of the
response, and spikes mainly reflected in the response amplitude.

The field potentials routinely followed a train of high-frequency stim-
ulation (50 Hz) (Fig. 1 E), indicating that there were monosynaptic and
not the result of polysynaptic activation. This was confirmed by record-
ing of an antidromic response in the prelimbic cortex evoked by stimu-
lation of the mediodorsal striatum (Fig. 1 D).

Electrophysiological assessment of prefrontostriatal synaptic
function in transgenic animals
Animals and surgery. This series of experiments was conducted in vivo
under anesthesia on 12 wt (�/�), 19 homozygous (�/�), and 9
heterozygous (�/�) transgenic rats aged 3.5 to 5.5 months old, weighing
from 300 to 500 g. They were prepared for surgery and electrophysiolog-
ical recordings as described above. Final depths of the electrodes were
determined using electrophysiological guidance to maximize the evoked
response and were �4 mm below the dura for the recording electrode
(mean of 4.2, 4.1, and 4.1 mm for wt, heterozygous, and homozygous,
respectively) and 2.5 mm below the dura for the stimulation electrode
(mean of 2.6, 2.5, and 2.5 mm for wt, heterozygous, and homozygous,
respectively).

Electrophysiological recording procedure. FPs evoked by stimulation of
the prelimbic cortex (monophasic square pulse, 80 �s) were recorded.
Signals were amplified (1000�), filtered (bandpass, 0.1–3 kHz), digitized
at 10 kHz, and stored on disk for offline analyses. Stimulation of the
pathway and recording was automated using the program Advance
(Copyright 1988 –1997, Robert McKellar Douglas; McKellar Designs and
University of British Columbia).

After stabilization of the preparation, input/output curves (I/O) were
generated by collecting responses to a series of 12 increasing current
intensities (80 – 800 �A). FPs were evoked at 0.07 Hz, for a total of four
times at each intensity. The test intensity used in all subsequent record-
ings was set to evoke FPs of �50% of its maximum amplitude, and the
intensity was chosen at 80% for the tetanic stimulation phase. Short-term
plasticity was examined using a paired-pulse stimulation (PP) protocol
that consisted of two stimulations with seven increasing intervals (20 –
1000 ms) for a total of four times at each interval. Short- and long-term
plasticity was subsequently assessed. After a baseline recording of 30 min
(60 FPs, 0.03 Hz), a theta-burst stimulation (TBS) consisting in three
series of 10 trains (100 Hz, 100 ms) at 5 Hz, with a 10 s interseries interval,
was administered. Both 5 and 100 Hz stimulation have been used to
induce striatal plasticity recorded intracellularly (Charpier and Deniau,
1997; Charpier et al., 1999). We chose to use a theta-burst stimulation
paradigm, which combines both frequencies, to optimize our chance of
inducing long-term plasticity in the striatum. Test recordings were re-
sumed after TBS for a 60 min period, at the end of which PP and I/O
profiles were again completed.

Data analysis
The initial slope and the amplitude were measured for each FP. Values
were averaged across four tests for descriptive purposes and statistical
comparisons. Averaged values were normalized for each animal with
respect to the mean value obtained during the baseline before the TBS.
Paired-pulse ratios were calculated by dividing the averaged value ob-
tained for the second pulse by the averaged value obtained for the first
reference pulse (P2/P1). Paired-pulse facilitation is thus indicated by a
ratio above 1.

Statistical analyses for all data were performed with Student’s t tests or
contrast ANOVAs (Rouanet et al., 1990), based on the a priori hypothesis
that homozygous animals may differ from wt controls and that heterozy-
gous animals may show intermediate results. An � level of 0.05 was used
as the criterion for statistical significance.

Results
Temporal discrimination as a function of age
Performances during initial temporal discrimination training
were analyzed with two dependent measures: percentage of cor-
rect responses during the free-choice trials and response latencies
(Fig. 2A). Both measures showed discrimination learning with an
increase in percentage correct responses and a decrease in re-
sponse latencies across sessions (F(10,190) � 7.39, p � 0.001 and
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F(10,190) � 7.67, p � 0.001, respectively). Although a trend for a
slight delay in learning the task was observed in the transgenic
animals compared with the wt animals, no differences reached
statistical significance, for either percentage correct responses
(group difference, F(1,19) � 2.07, NS; group � session interaction,
F(10,190) � 1.20, NS) or response latency (group difference,
F(1,19) � 1.01, NS; group � session interaction, F(10,190) � 1.83, NS).

At 4 months of age, both transgenic and wt rats showed nor-
mal bisection curves with proportion of responses on the lever
assigned as correct for the long-duration stimulus increasing with
the signal duration (Fig. 2B). As reported previously in similar
conditions (Callu et al., 2009), response latencies decreased with

increasing signal durations (F(6,114) � 5.52, p � 0.001) (Fig. 2C).
The group effect and group � duration interaction were not
significant (F(1,19) � 1.42, NS; and F(6,114) � 1.32, NS, respec-
tively), showing that transgenic and wt animals were performing
similarly. When psychometric functions were fitted, the propor-
tion of variance accounted for by the fit was obtained for each rat.
The R 2 values varied from 0.968 to 0.998 and from 0.971 to 0.998
for wt and tgHD groups, respectively. Two parameters (PSE and
gamma) were estimated from the psychometric function of each
individual, allowing quantitative estimation of the bisection
point and temporal sensitivity, respectively. There was no differ-
ence in the PSE between tgHD and wt rats (Fig. 2D) (unpaired t

Figure 1. Characteristics of the field potentials evoked in the dorsal striatum by prefrontal cortex stimulations in vivo. A, Field potentials recorded during the lowering of the recording electrode
at 2, 3, and 3.4 mm of depth below the dura, whereas the stimulation electrode is placed at the level of the dorsal part of prelimbic cortex. Calibration: 0.5 mV, 5 ms. B, Field potentials recorded in
the dorsal striatum during the lowering of the stimulation electrode at 1, 1.5, 2, and 2.5 mm of depth below the dura. Calibration: 0.5 mV, 5 ms. C, Glutamatergic and GABAergic components in the
evoked field potentials; examples of simultaneous recording of FPs (calibration: 0.25 mV, 5 ms) and multiunit activity (MUA; calibration: 2.5 mV, 5 ms) evoked by test stimulations. From Left to Right,
Baseline conditions, after local infusion of DNQX (1 mM, 0.5 �l), and after local infusion of DNQX � picrotoxin (PTX; 1 mM, 0.5 �l). Multiunit was recorded in parallel to field responses to confirm that
negative-going response indeed corresponds to an excitatory activity and embed a population spike as well as an fEPSP. D, Examples of orthodromic response recorded in the dorsomedial striatum
(calibration: 0.05 mV, 5 ms) and antidromic response recorded in the prelimbic cortex after stimulation of the dorsomedial striatum (calibration: 0.05 mV, 1 ms). E, Example of recording during 50
Hz stimulation (calibration: 0.2 mV, 10 ms).
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test for equal variances, t(19) � 0.439). In contrast, there was a
striking difference between tgHD and wt rats in their temporal
sensitivity (Fig. 2E). A significant increase in variance was ob-
served in tgHD rats compared with wt (F test for equality of
variance, F(8,11) � 4.06, p � 0.03); taking the variance difference
into consideration, the tgHD rats showed poorer temporal sen-

sitivity evidenced through an increased
mean gamma (unpaired t test for unequal
variances, t(17) � 2.27, p � 0.04), which is
indeed suggested by a shallower slope in
the bisection curves (Fig. 2 B).

At 10 months of age, a reversal of the 2
versus 8 s temporal discrimination task
was achieved by interchanging the anchor
durations and their corresponding levers.
The effect of the reversal was observable
from the first day (Fig. 3). Both groups
of rats exhibited acquisition in the new
task (significant session effect, F(14,266) �
123.75, p � 0.001). At the beginning of the
reversal training, performances of both
groups were equally disrupted (virtually
0% correct responses). Subsequently,
however, tgHD rats were delayed com-
pared with the wt rats in reaching the
same terminal level of correct responses
(Fig. 3A), and the percentage of rats scor-
ing above 50% correct responses in-
creased more slowly in the tgHD group
compared with the wt group (Fig. 3B). On
the percentage correct measure, difficulty
in reversing for tgHD rats was confirmed
by a significant group � session interac-
tion (F(14,266) � 2.10, p � 0.02). These
data therefore indicate that acquisition of
the new rule was altered in the transgenic
animals.

At 12 months of age, rats were tested
on the bisection task with a reduced dif-
ference in anchor values to reduce dura-
tion discriminability and maintain
responding at all intermediate durations
(bisection 2). Response latencies did not
differ significantly between groups
(group, F(1,19) � 2.99, NS; group � dura-
tion interaction, F � 1), reflecting a lack of
gross motor deficit. Transgenic rats pre-

sented more variability in their individual bisection curves than
did wt rats (Fig. 4A). Fitting the curves of the transgenic rats with
the pseudologistic function resulted in a bimodal distribution for
the proportion of variance accounted for (R 2) (Fig. 4B). Consid-
ering only rats for which R 2 was higher than 0.8, the averaged
bisection curve for the tgHD group was shifted to the right com-
pared with wt rats (Fig. 4C, left). There was a significant differ-
ence between tgHD and wt rats in mean PSE (Fig. 4C, middle)
(unpaired t test for equal variances, t(16) � 2.84, p � 0.02). No
difference in temporal sensitivity (gamma) between groups (Fig.
4C, right) (unpaired t test for equal variances, t(16) � 1.01) was
detected. Shifts in PSE indicate a mismatch between accumula-
tor/working memory (online subjective duration) and reference
memory. They have classically been interpreted as a change in
either clock speed or memory alteration (Meck, 1983). A differ-
ence in clock speed is presumed to affect temporal behavior tem-
porarily, because new reference values are continuously stored
with repeated training. In contrast, a modification of temporal
behavior attributable to memory alteration would emerge pro-
gressively with repetition. In the present experiment, it is unlikely
that a difference in clock speed would have affected the PSE,
because animals had been trained with these durations immedi-

Figure 2. Temporal performance at 3– 4 months of age for the transgenic HD rats (�/�, black) and their wt controls (�/�,
white). A, Acquisition of 2 versus 8 s temporal discrimination in tgHD (n�12, filled symbols) compared with their wt controls (n�
9, open symbols) for both percentage correct responses (solid lines) and responses latencies (dotted lines). Performances during
the training phase are depicted across sessions (the 3 first sessions are 50% free-choice trials and the next 8 sessions are 100%
free-choice trials). B, Bisection curves depict mean proportion of long responses as a function of signal duration for individual
animals (insets) or group performances averaged across the five testing sessions conducted immediately after the last training
session in temporal discrimination. C, Mean response latencies as a function of signal duration during the bisection test. Note the
decrease in latency as the signal duration increases. D, E, Mean (bars) and individual (dots) values for the extracted parameters of
the fitted bisection function: PSE (D) and gamma (E). *p � 0.05.

Figure 3. Mean � SEM percentage of correct responses (A) and percentage of rats reversed
(B) across sessions at 10 months of age during reversal of the temporal discrimination task for
the transgenic HD rats (�/�, filled circles) and their wt controls (�/�, open circles).
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ately before the test, permitting adjust-
ment of the reference memory to the
prevailing contents of the accumulator/
working memory. Thus, the increase in
PSE may rather reflect altered temporal
memory.

Auditory processing as a function
of age
Poorer temporal sensitivity for tgHD ani-
mals with auditory signals may conceiv-
ably result from a disruption in processing
auditory stimuli rather than a deficit in
timing per se. To verify that tgHD animals
displayed intact auditory processing, we
examined an independent group of tgHD
rats in a PPI test of the startle reflex. This
test is commonly used to assess impair-
ments in auditory stimulus processing
(for review, see Fitch et al., 2008).

Startle responses and prepulse inhibi-
tion as a function of age (from 1 to 12
months) are depicted in Figure 5. Startle
amplitude in pulse-alone trials (Fig. 5A)
increased significantly with age (F(11,231) �
32.76, p � 0.0001), to reach a plateau
from 6 months of age for both groups.
There was no significant between-groups
difference (F(1,11) � 2.02, NS). tgHD and
wt animals showed also increasing ampli-
tude of PPI with age (Fig. 5B) (F(11,231) �
4.58, p � 0.0001), and no between-groups
difference was observed (F � 1). These
data show that short-duration auditory
perception is normal in tgHD animals, in-
dicating that the deficits observed in the
bisection task are not attributable to dif-
ferential auditory processing but reflect
modifications in temporal behavior.

Temporal sensitivity at presymptomatic age as a function
of genotype
As in the previous experiment, there was no difference in the
speed of acquisition of the 2 versus 8 s temporal discrimination
among groups. During temporal discrimination training, there
was no genotype effect on the number of days to reach criteria in
the 50% (F � 1) or 100% (F(2,21) � 2.65, NS) free-choice
procedures.

In the staircase procedure, we restricted the analysis to the first
9 d, before any animal met the stability criterion. As expected, a
significant reduction in the mean stimulus duration difference
(F(8,168) � 32.00, p � 0.001) was observed. There was no genotype
effect either during the first 9 d (F(2,21) � 1.27, NS) or when
considering only the last 4 d of staircase training used to calculate
the personalized anchor durations in the bisection paradigm
(F(2,21) � 2.76, NS). The unexpected lack of difference between
homozygous and wt DL may have been attributable to the fact
that not all animals have reached the stability criterion and were
not at an equivalent level of stabilized performances. In addition,
the step sizes chosen were possibly not small enough to permit a
sensitive assessment of the slight temporal disruption of temporal
sensitivity (gamma) reported in the preceding experiment.

The results obtained during the personalized bisection tests
are shown in Figure 6. Because of a deviant bisection curve, a
heterozygous outlier rat (based on Grubbs’ test for both gamma
and PSE values) was discarded from this analysis. In accordance
with the data reported above in 4-month-old animals, homozy-
gous 6-month-old rats showed a slightly shallower bisection
curve compared with wt (Fig. 6A). Although a main effect of
genotype was not obtained (F(2,20) � 2.45, p � 0.11), planned

Figure 4. Performance during temporal bisection tests at 12 months of age (bisection 2) for the transgenic HD rats (�/�,
black) and their wt controls (�/�, white). A, Individual bisection curves for wt (left) and tgHD (right) rats averaged across the six
testing sessions. B, Distribution of R 2 for wt (left) and tgHD (right) rats. C, Left, Bisection curves averaged across the six testing
sessions for wt and tgHD rats. Middle and Right, Mean (bars) and individual (dots) values for the extracted parameters of the fitted
bisection function, respectively: PSE and gamma. *p � 0.05.

Figure 5. Auditory perception from 1 to 12 months of age for the transgenic HD rats (�/�,
black) and their wt controls (�/�, white). A, Startle response amplitude with a 120 dB pulse
at different ages. B, Inhibition of the startle reflex by a 80 dB prepulse.
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comparisons based on the pseudologistic fit confirmed that ho-
mozygous tgHD animals displayed a significantly higher gamma
(i.e., a poorer temporal sensitivity) than wt animals (F(1,14) �
4.83, p � 0.05) (Fig. 6B). Heterozygous tgHD rats demonstrated
an intermediate phenotype with gamma values falling between
those of homozygous and wt animals; they were not signifi-
cantly different from wt rats (F(1,13) � 2.1, NS). There was no
significant effect on PSE (all F values � 1) (Fig. 6C).

When the difficulty of the bisection tests was increased by
progressively reducing the temporal discriminability among
stimulus durations, the bisection curves of the animals flattened

(Fig. 7A), with the proportion of long re-
sponses increasing for the short-tone du-
rations and decreasing for the long-tone
durations. Notably, at both anchor dura-
tions, the homozygous tgHD reached the
level of random-choice behavior (mean
p(long) � 0.5) before wt or heterozygous
animals did (Fig. 7B). From difficulty lev-
els 5 and 4 for the short and long anchor
durations, respectively, p(long) was no lon-
ger different from 0.5 in the homozygous
tgHD, whereas for the same levels of diffi-
culty, wt and heterozygous animals were still
showing significant discrimination (p(long)

different from 0.5). These results are in line
with the poorer temporal sensitivity of ho-
mozygous models observed in the bisection
curves.

Neurophysiological assessment of
presymptomatic prefrontostriatal
functioning
In this series of experiments, prefrontos-
triatal synaptic function was assessed
through electrophysiological study of the
FPs in the DMS evoked by the stimulation
of the PL. Initial slope and amplitude of
FPs were analyzed. In general, the same
pattern of results was observed for both
measures, although amplitudes tended to
be more variable. We thus choose to re-
port here results obtained with FP slope.

Rats were between 113 and 167 d old
(113–161, 126 –165, and 120 –167 for wt,
heterozygous, and homozygous, respec-
tively). Because the electrophysiological
phenotype of transgenic animals may
evolve with age, we first tested the ho-
mozygous tgHD correlation with age. For
this group, there was a tendency toward a
negative correlation between age and
maximum amplitude or slope of the FPs
attained during the I/O protocol. How-
ever, this correlation did not reach signif-
icance for either measure (FP slope, n �
19, r(17) � 0.389, p � 0.10), nor did the
percentage of change in the maximum I/O
after TBS stimulation correlated with age
(FP slope, n � 19, r(17) � 0.135, NS).
Therefore, because no clear effect of age
was detected, data were regarded as inde-
pendent of this parameter.

For the I/O curve, all FPs showed a monotonic increase in
slope with an increase in stimulation intensity and reached a
plateau from 500 �A on average. FP slopes for the three groups of
rats (wt, homozygous, and heterozygous) differed signifi-
cantly (group effect, F(2,37) � 3.66, p � 0.05; group � intensity
interaction, F(2,407) � 1.63, p � 0.05). These effects were
mainly attributable to the heterozygous tgHD FP slopes,
which showed a marked reduction compared with wt
(group � intensity interaction, F(1,19) � 6.38, p � 0.02),
whereas homozygous animals did not differ from wt controls
for FP slope (group � intensity interaction, F � 1). Thus,

Figure 6. Performance during personalized bisection tests at 6 months of age for the homozygous (�/�, black), heterozygous
(�/�, gray), and wt (�/�, white) rats. A, Bisection curves depict mean proportion of long responses as a function of signal
duration (1–7) averaged across the two sessions. Durations were chosen for each animal according to their performance during the
staircase paradigm (see Materials and Methods). B, C, Mean � SEM values for the extracted parameters of the fitted bisection
function: gamma (B) and PSE (C).

Figure 7. Performances when increasing the difficulty of the discrimination between signal durations during bisection tests. A,
Bisection curves representing the proportion of long responses for the easiest (left) and the hardest (right) levels of difficulty for the
homozygous (�/�, black), heterozygous (�/�, gray), and wt (�/�, white) rats. B, Group mean � SEM proportion of long
responses during the increasing six levels of difficulty for the short (left) and long (right) anchor durations. The gray bars highlight
when performances are not statistically different from 0.5, a value representing random-choice behavior.
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basal synaptic transmission does not ap-
pear to be affected in homozygous
transgenic animals.

The paired-pulse function tests plas-
ticity at very short millisecond-range in-
tervals. Paired-pulse facilitation is
thought to reflect presynaptic probability
of neurotransmitter release (Zucker,
1973; Zucker and Regehr, 2002). Al-
though wt and heterozygous animals
showed no significant change in paired-
pulse ratios as a function of intervals (in-
teraction of P1/P2 � interval, F � 1 and
F(6,48) � 1.68, NS, for wt and heterozy-
gous animals, respectively), homozygous
tgHD animals showed significant paired-
pulse alteration (interaction of P1/P2 �
interval, F(6,108) � 3.82, p � 0.01) (Fig.
8C). Additional analyses confirmed that,
for this latter group only, there was signif-
icant paired-pulse facilitation at inter-
stimuli intervals of 20 ms (F(1,18) � 7.96,
p � 0.01) and 50 ms (F(1,18) � 8.90, p �
0.01).

Short-term and long-term plasticity at
the prefrontostriatal afferents were ana-
lyzed by testing the effect of TBS. As seen
on Figure 8A, TBS tended to produce a
temporary decrease in FP slope that was
more pronounced in homozygous rats.
Statistical analyses per 10 min blocks con-
firmed that homozygous rats expressed a
significant short-term depression (first 10
min after TBS compared with the 10 min
immediately preceding the TBS, F(1,18) �
6.62, p � 0.02) (Fig. 8E), which lasted up
to 50 min after TBS (F(1,18) � 4.78, p �
0.05). Although a similar tendency was
observed in heterozygous rats, no signifi-
cant depression was found in heterozy-
gous animals (F(1,8) � 3.85, NS) nor in wt
(F � 1). The long-term effect of TBS was
further assessed through changes in
paired-pulse and I/O functions. Paired-
pulse curves were not modified by the TBS
for either group (Fig. 8C) (no interaction
of post-TBS/pre-TBS � interval, F � 1,
F(6,108) � 1.49 and F(6,48) � 1.12, NS, for
wt, heterozygous, and homozygous trans-
genic groups, respectively). However, I/O
curves were increased after TBS (Fig. 8B).
The effect was more pronounced for
higher intensities, as evidenced by a pre-TBS/post-TBS � in-
tensity significant interaction for each group (�/�, F(11,121) �
3.48; �/�, F(11,88) � 1.98; �/�, F(11,198) � 4.81; all p values �
0.05). Because maximum may not be reached at the same
intensity for every animal, we estimated the percentage change
at the maximal FP slope value (saturation level) obtained dur-
ing the I/O curves before and after TBS. This analysis showed
that there was a significant potentiation for the homozygous
transgenic group (F(1,18) � 5.61, p � 0.03) (Fig. 8 D), although
no significant change was observed in wt controls (F � 1). The
percentage change for the heterozygous group was at an inter-

mediate level between wt and homozygous rats, but the poten-
tiation did not reach statistical significance (F(1,8) � 2.96, NS).
Because the potentiation was evidenced mainly at high inten-
sities and the time course of the changes were tested at lower
test intensities (mean of 285, 267, and 274 �A for wt, heterozygous,
and homozygous tgHD rats), whether the potentiation of the satu-
ration level was induced immediately after TBS or whether an initial
depression progressively evolved into a potentiation cannot be as-
certained with our current data. In any case, the present data show
that the homozygous transgenic animals demonstrate an increased
plasticity, both short and long term.

Figure 8. Effect of genotype on prefrontostriatal synaptic transmission in vivo. Comparison of FPs in three groups: wt (�/�,
white), homozygous (�/�, black), and heterozygous (�/�, gray) tgHD rats. A, Mean � SEM percentage change in FP slope
before and after TBS (arrow) as measured at test intensity. B, Input/output curves for the FP slope in function of stimulation
intensity are shown before (pre; dashed lines) and 60 –90 min after (post; solid lines) TBS. C, Paired-pulse ratios for the FP slope as
a function of interstimuli intervals (in milliseconds) before (pre; dashed lines) and 60 –90 min after (post; solid lines) TBS. D,
Mean � SEM percentage change induced by TBS in the maximal slope attained during input/output protocols for the three groups
of rats. E, Short-term plasticity as measured by the mean percentage change during the first 10 min after TBS. *p � 0.05.
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Discussion
In the search for presymptomatic frontostriatal dysfunction in
Huntington disease, we have tested temporal perception in a
supra-second range and plasticity at prefrontal afferents to the
dorsal striatum in the tgHD rat. Using a bisection task, we show
that, as early as 4 months of age, homozygous transgenic animals
have a poorer temporal sensitivity than wild-type controls. In
vivo analysis of FP in age-matched animals revealed an en-
hanced plasticity at prefrontostriatal afferents in homozygous
transgenic rats.

Symptomatic-related change in temporal behavior
Previous characterizations of the tgHD rats have shown that the
first signs of motor deficits indicators of striatal degeneration
emerge at �6 months (Nguyen et al. 2006). In line with these
neuropathological reports, the present results showing retarded
discrimination reversal in transgenic animals at 10 months of age
corroborate the striatal damage. This is also in accordance with
the bisection effects reported in rats given neurotoxic regimens of
methamphetamine thought to produce selective striatal damage
(Cheng et al., 2007). Furthermore, motor deficits in these same
tgHD rats were also shown to emerge between 7 and 11 months of
age (Faure et al., 2011). However, in line with previous reports
(Kántor et al., 2006), there was no gross motor disruption be-
cause the response latencies were unaltered. At 12 months of age,
transgenic rats showed a profound disruption of temporal behav-
ior in the bisection task. Some animals (3 of 12) showed a drastic
reduction of temporal discrimination, to the point that their bi-
section functions were altered and resulted in a “z-shaped” func-
tion instead of the classical sigmoidal profile. Such a z-shape in
the duration– bisection task has been proposed to appear when
the distance between anchor durations is reduced, increasing the
difficulty of the temporal discrimination (Penney et al., 2008).
This suggests that temporal sensitivity was poorer in the afore-
mentioned animals, preventing them from performing appropri-
ately when challenged by a reduced difference between anchor
durations (2.64 and 6.06 s).

The remaining nine transgenic animals also showed a disrup-
tion, reflected by a shift to the right of the bisection function. This
cannot be attributable to spatial or position biases, because the
duration–lever position combination was counterbalanced be-
tween animals within each group. Instead, the shift could reflect a
“short bias,” a behavior difficult to interpret but that may possi-
bly be related to a differential sensitivity to the reinforcement
contingencies (Stubbs, 1968). Alternatively, the shift in PSE may
reflect altered storage in temporal reference memory (Meck,
1983). A slower learning of temporal control with delayed peak
times has been reported in symptomatic R6/2 mice in a peak
interval task (Balci et al., 2009), although the authors did not attri-
bute these deficits to temporal memory. We should note that the task
they used had a substantial motor demand and was sensitive to non-
temporal factors, such as behavioral inhibition, which may prevent
isolation of temporal memory deficits. In our experiment, animals
had already been trained for the bisection task at a presymptomatic
age and were retrained immediately before bisection testing, allow-
ing adjustments of potential differential clock speed, thus ruling out
the clock as opposed to temporal memory. Because no shift in PSE
was observed in 4-month-old rats and given the critical role of the
dorsal striatum in temporal processing (Coull et al., 2011), the deficit
observed in 12-month-old rats is likely attributable to the progres-
sive striatal degeneration.

Altered temporal sensitivity as a presymptomatic marker
Analysis of the bisection curves in presymptomatic animals
showed mild but systematically poorer temporal sensitivity
(higher gamma) in homozygous transgenic rats in two indepen-
dent experiments. The temporal behavior of heterozygous ani-
mals was intermediate but not different from controls. The deficit
was subtle enough to leave intact the learning rate of the temporal
discriminative task, presumably because the initial training was
conducted with readily discriminable stimuli (2 vs 8 s).

Our results demonstrate a presymptomatic timing deficit in a
supra-second range, using a cognitive task with low motor de-
mand. In patients, timing capacities have been tested with dura-
tions below 1200 ms, with few tasks requiring low motor
demand. Among these, a deficit in temporal discrimination has
been reported to correlate with estimated age of onset (Paulsen et
al., 2004; Beste et al., 2007). When timing was imbedded in motor
processes, the deficit was clearly present in pre-HD subjects, even
when tested well before the estimated disease onset (Hinton et al.,
2007; Paulsen et al., 2008; Rowe et al., 2010). For these subsecond
motor timing tasks, increased variability but good timing accu-
racy was reported. Our results showing poorer temporal sensitiv-
ity at a presymptomatic age in a supra-second discrimination task
suggest that increased variability in interval timing, indepen-
dently of modified motor processing, may be a cardinal feature of
presymptomatic HD and may participate in the early cognitive
impairments.

Altered prefrontostriatal synaptic function
The electrophysiological results we report here are more com-
plex, because the heterozygous transgenic rats differed from the
wt controls with a weaker basal synaptic transmission. However,
the general trend observed in the homozygous transgenic rats was
an increased plasticity as observed in paired-pulse profiles, short-
term depression, and long-term potentiation.

Electrophysiological studies of HD mouse models have been
performed in different brain regions, including the striatum (Ze-
ron et al., 2001; Cepeda et al., 2003, 2007; Kung et al., 2007;
Milnerwood and Raymond, 2007) and various cortices (Cum-
mings et al., 2010; Dallérac et al., 2011). Inconsistent results
(lower or normal I/O; reduced, normal, or increased paired-pulse
facilitation; normal or increased LTD) have been reported, which
may be attributable to the difference in animal model but also to
the distance from the onset of the degenerative process, because
biphasic changes in LTD have been demonstrated in the perirhi-
nal cortex (Cummings et al., 2006). It is not known, however,
whether such a biphasic evolution applies to corticostriatal affer-
ents. In agreement with the present results, increased paired-
pulse facilitation and increased long-term depression have been
observed in slices from YAC mice at a presymptomatic age (Milner-
wood and Raymond, 2007). In contrast to our results, a reduced LTP
has generally been reported, notably in both the prefrontal cortex
and the striatum (Kung et al., 2007, Dallérac et al., 2011). The state of
inhibition might be responsible for such discrepancy because
GABAergic regulation is weakened in slices, whereas barbiturate an-
esthesia strongly strengthens inhibition.

The only studies performed in the awake subject showed nor-
mal I/O but abolished LTP in the motor cortex in symptomatic
patients (Crupi et al., 2008) and altered spiking of medium-spiny
neurons of the dorsomedial striatum in symptomatic R6/2 and
KI mice (Miller et al., 2008) and 10- to 15-month-old tgHD rats
(Miller et al., 2010). The altered firing of striatal neurons in the
latter studies were mainly interpreted as reflecting a loss of cor-
related activity in the cortex. It is noteworthy that changes in field
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potentials evoked by prefrontal stimulation likely represent al-
tered function at the level of the striatum regardless of possible
modified cortical processes. The current study is therefore the
first report of altered plasticity in the striatum in vivo at the pre-
symptomatic stage. One possibility is that tgHD rats show an
enhanced plasticity as a result of increased NMDA receptor sen-
sitivity as shown in the YAC mouse model for HD (Zeron et al.,
2002, 2004; Milnerwood and Raymond., 2007; Milnerwood et al.,
2010). Additionally, because striatal plasticity is heavily influ-
enced by dopaminergic inputs and dopaminergic dependent loss
of plasticity has been reported in cortical and striatal slices (Cum-
mings et al., 2006, Kung et al., 2007, Dallérac et al., 2011), we may
speculate that the tgHD altered plasticity is also attributable to
changes in dopaminergic signalization at a presymptomatic
stage. However, because of the fact that simultaneous depolariza-
tion and hyperpolarization are imbedded in the extracellular field
potentials, the question remains whether the observed altered
plasticity reflects excitatory inputs to striatal neurons or changes
in inhibitory transmission within the striatum. An increased re-
activity at prefrontal excitatory inputs may potentially favor glu-
tamate excitotoxicity, a hypothesized mechanism for
degenerative processes in HD (Olney et al., 1990; Zeron et al.,
2002; Estrada-Sánchez et al., 2009). A change in striatal inhibitory
control would affect the striatal output.

Interestingly, the enhanced prefrontostriatal plasticity we ob-
serve in the current study corroborates the higher degree of acti-
vation reported in the cingulate cortex of presymptomatic
patients far from disease onset (�12 years) (Paulsen et al., 2004).
Such facilitation may reflect early compensatory processes. Alter-
natively, the enhanced plasticity observed in homozygous tgHD
rats may be a consequence of higher glutamine stores (for review,
see Antzoulatos and Byrne, 2004), because polyglutamine pro-
teins have been proposed to serve as intracellular storage of glu-
tamine and thereby positively influence learning (Brusilow,
2006). Hence, presymptomatic HD may be associated with en-
hanced plasticity until degradation of the large polyglutamine
tracts by the proteasomes and lysosomes becomes overwhelmed,
thus resulting in degenerative changes and impaired plasticity.

Concluding remarks
The present study provides the first behavioral and electrophys-
iological evidence of a presymptomatic alteration of prefrontos-
triatal processing in HD. Whether these modifications are
present from birth or have developed earlier will be a critical
question to answer if one hopes to use supra-second timing as an
early predictive marker of the disease progression. Although it
remains to be understood how altered prefrontostriatal function,
as evidenced through neurophysiological tests, is responsible for
the observed modifications at the behavioral level, our results
provide data suggesting that normal plasticity in prefrontostriatal
circuits may be necessary for reliable and precise timing behavior.
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